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ABSTRACT

ANALYSIS AND DESIGN OF SURFACE MICROMACHINED
MICROMANIPULATORS FOR OUT-OF-PLANE MICROPOSITIONING

Kimberly A. Jensen
Department of Mechanical Engineering
Master of Science

This thesis introduces two ortho-planar MEMS devices that can be used to position microcomponents: the XZ Micropositioning Mechanism and the XYZ Micromanipulator. The displacement and force relationships are presented. The devices were fabricated
using surface micromachining processes and the resulting mechanisms were tested. A
compliant XYZ Micromanipulator was also designed to reduce backlash and binding. In
addition, several other MEMS positioners were fabricated and tested: the Micropositioning Platform Mechanism (MPM), the Ortho-planar Twisting Micromechanism (OTM),
and the Ortho-planar Spring Micromechanism (OSM).
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CHAPTER 1

INTRODUCTION

1.1 Thesis Statement
The purpose of this research is to investigate methods for out-of-plane micropositioning. More specifically, this thesis focuses on the design of surface micromachined outof-plane micropositioners and the derivation of their displacement and force relationships.
This thesis will examine methods of moving microcomponents using microelectromechanical systems (MEMS) that have out-of-plane displacements greater than 50 micrometers.

1.2 Significance of Research
This research furthers the knowledge of MEMS that have significant out-of-plane
displacements and develops new devices and mechanisms that have micropositioning
applications. Currently, research in micropositioning has been applied to mirrors [1], [2],
gratings [3], fibers [4], and shutters [5], [6]. This thesis presents alternative methods for
moving these components through new devices and manipulators. The background on top1

ics used in this research, including MEMS, fabrication, actuators, ortho-planar mechanisms, compliant mechanisms, and possible optical applications, is discussed next.

1.3 Microelectromechanical Systems
Microelectromechanical systems, or MEMS, are mechanical and electrical devices
that range in size from several micrometers to millimeters. MEMS can be mechanical or
electrical microcomponents, as well as systems of these components. The development of
MEMS resulted when fabrication techniques for integrated circuits were exploited to create structures and mechanisms out of polycrystalline silicon. The outcome was the creation of these miniature systems and devices. Since then, MEMS development has
increased significantly and has been applied commercially for applications such as sensors, display devices, and microswitches.

1.4 MEMS Fabrication
Microelectromechanical systems are fabricated by using one of three main processes. These fabrication methods include bulk micromachining, surface micromachining,
and LIGA.

1.4.1 Bulk Micromachining
Bulk micromachining involves the use of chemical etchants to pattern and remove
areas in single crystal materials. With bulk micromachining, the mechanism is created
from the substrate by exposing a single crystal substrate to chemical echants, such as
2

KOH. By patterning and removing sections of the substrate, a freestanding mechanism or
structure is created.

1.4.2 Surface Micromachining
In surface micromachining, MEMS are fabricated using methods similar to those
used in the manufacture of integrated circuits. Surface micromachining is an additive process where structural and sacrificial thin films are deposited on a substrate. After deposition, the sacrificial films are removed through a hydroflouric acid etch.
In the surface micromachining process, thin films of polysilicon and silicon dioxide are deposited on a single crystal silicon substrate and etched to create freestanding
devices, unlike bulk micromachining where the actual substrate is etched. Polysilicon is
generally deposited on the substrate using Low Pressure Chemical Vapor Deposition
(LPCVD) while the oxide layers are grown by thermal oxidation. Generally, these thin
films, or layers, are one to two micrometers thick. For a MEMS device, the polysilicon
films serve as structural layers while the oxide films form the sacrificial layers. Following
the deposition of a silicon nitride layer on the substrate, the structural and sacrificial layers
are deposited, alternatively, with each layer being patterned using photolithography. In
photolithography, a light sensitive polymer called photoresist is deposited on the thin films
according to the desired layer geometry. The area is then exposed to UV light which
changes the properties of the thin film and allows the areas not covered by photoresist to
be rinsed away. By photolithography, the length and width of each layer can be controlled.
Following this sequence of depositing and patterning each layer, the structural layers are
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POLY 1

PSG

Substrate Wafer

a)

PSG

b)

POLY 2

c)

d)

Figure 1.1

The Surface Micromachining Process in MUMPS a) the deposition of the
sacrificial PSG layer and Poly 1 b) after Poly 1 has been patterned, the
deposition of the second sacrificial PSG layer c) Poly 2 deposited and
patterned d) the "release" of the structural layers [29].

"released" by dissolving the sacrificial layers using hydroflouric acid. The structural layers form the mechanism. The surface micromachining process can be seen in Figure 1.1.
Two surface micromachining processes will be used in this research - the Multi-User
MEMS Processes (MUMPs) and the Sandia Ultra-planar Multi-level MEMS Technology
V (SUMMiT V).
The MUMPs process uses two polysilicon structural layers and a gold layer, in
addition to two sacrificial oxide layers of phosphosilicate glass (PSG) [7]. These layers are
4

used to create structures and mechanisms. When the layers are deposited, the layers are
conformal and the topology of the upper layers is affected by all layers below. This conformity limits the geometry and the number of effective layers of the process.
SUMMiT V is a five-layer surface micromachining process that seeks to overcome
problems with conformity by using Chemical-Mechanical Polishing (CMP). CMP is used
to planarize the sacrificial layers and therefore eliminate the conformity in the structural
layers that follow. This allows the fabrication process to include more layers, as well as
create more complex geometries. Also, the addition of more layers allows more flexibility
in design as well as more complicated mechanisms. The SUMMiT V process has four
structural layers and one electrical interconnect layer. Within the structural layers, two are
planarized layers (Poly 3 and Poly 4). The process also includes two conformal layers
(Poly 1 and Poly 2), which allow pin joint and hub fabrication.

1.4.3 LIGA (Lithography Galvo-formung Abformung)
LIGA is an acronym for the German words for lithography, electroplating, and
molding. In LIGA, synchotron x-ray radiation is used to pattern a PMMA mold which is
later developed in a chemical rinse. The mold is then electroplated with either nickel, copper, or nickel iron. After the mold has been electroplated, the mold is dissolved in chemicals, leaving the metal MEMS parts. These metal parts can then be assembled or used to
make molds to further replicate the MEMS device. The advantage of LIGA is the high
aspect ratios that can be achieved. However, the devices usually require assembly, which
can be difficult.

5

1.5 On-Chip Actuation of MEMS Devices
MEMS technologies become more effective and useful with a method of on-chip
actuation. The main methods of on-chip actuation are electrostatic actuation, thermal actuation, and magnetic actuation.

1.5.1 Electrostatic Actuation
One of the most common techniques for MEMS on-chip actuation is the use of
electrostatic attraction. In electrostatic attraction, the force required to actuate the device
results from the attractive force between a positive and negative charge. Examples of electrostatic actuators include parallel plate actuators, comb drives, and scratch drives. Parallel
plate actuators are most often used in ortho-planar mechanisms, and consist of two plates,
with each plate carrying a different charge. When the plates are charged, an attractive
force, or coulomb force, is generated and pulls the plates together. Comb drives work in a
similar fashion, except instead of parallel plates, comb drives consist of many inter-digi-

6

Figure 1.2

Close up of a Comb Drive corner [28].

a)
Figure 1.3

b)

Scratch drive actuator being used to a) buckle a long beam with attached platform
[31]. b) One cycle of the scratch drive actuator (SDA) [8].

tized fingers, which slide towards each other, as illustrated in Figure 1.2. Scratch drives,
on the other hand, use electrostatic forces to create a stepping motion [8]. Step drives consist of a plate with a vertical bushing, as shown in Figure 1.3 b. An electrostatic force is
used to pull the plate to the substrate, causing deflection in the plate due to the bushing. As
the force is removed, the plate returns to its original shape, however, the deflection causes
the beam to move slightly forward upon restoration to the initial shape.

7

Figure 1.4

Magnetic actuation [26].

In general, electrostatic actuators are known for their small deflections, high voltage requirements, and low output forces. However, low currents are required for actuation.

1.5.2 Magnetic Actuation
With magnetic actuation, MEMS are fabricated with metal coated sections. The
mechanisms are moved by a magnetic force when a magnetic field is generated in the
direction of the desired motion [9]. The repulsion that results between the metal part and
the magnetic field moves the MEMS device in the desired direction. The concept of magnetic actuation is illustrated in Figure 1.4.

1.5.3 Thermal Actuation
Current research has shown that thermal actuation is a practical source for force
and displacement in MEMS. The concept behind thermal actuators is the use of thermal
expansion as a mechanism for motion and actuation [10]. Research in the area of thermoactuation has led to the creation of MEMS actuators such as the Heatuator. In addition,
8

a)

b)
Figure 1.5

a) The Heatuator and b) The Heatuator array [27].

studies in thermal actuation at BYU have resulted in the Thermomechanical In-plane
Microactuator (TIM) and its variations [10].

1.5.3.1 The Heatuator or U-Beam
The Heatuator or U-beam is similar to the bimetallic strip found in a thermostat
[11]. The Heatuator is composed of two legs of different widths connected at one end and
anchored to the substrate at the other, as illustrated in Figure 1.5 a. The first leg is long and
thin. The second leg has one section that is wide and a smaller section that is short and
9

thin. This small thin section on the second leg works as a flexural pivot in the motion of
the heatuator. As current is passed through the actuator, the first leg and the small thin section of the second leg experience a greater temperature increase, and therefore greater
thermal expansion, than the wider section of the second leg. As a result, the device bends
toward the "cold," or wide, section of the beam.
One heatuator does not produce a significant amount of force. Therefore, these
devices are often fabricated in systems or arrays, as illustrated in Figure 1.5 b.

1.5.3.2 The Thermomechanical In-Plane Microactuator
The Thermomechanical In-Plane Microactuator (TIM) design consists of two electrical contacts fixed to the substrate, a rectangular movable shuttle, and thin thermal
expansion legs. These legs are symmetrically arranged on two opposing sides of the shuttle. Due to the geometry of the TIM, when a current is applied across the mechanism, the
legs expand causing the shuttle to undergo linear displacement. This displacement is dictated by the direction of the offset of the legs in relation to the shuttle and contact pads. A
displacement of the TIM has been measured as 20 microns with a force of approximately
440 micronewtons. The Amplified Thermomechanical In-Plane Microactuator (ATIM) is
a variation of the TIM and has demonstrated larger displacements of 55 microns with a

10

Figure 1.6

The Thermomechanical In-Plane Microactuator.

force of 150 of micronewtons. With the TIM and ATIM, large displacements and forces
can be achieved. The TIM is shown in Figure 1.6.

1.6 Ortho-planar Mechanisms
Orthogonally-planar or ortho-planar mechanisms are mechanisms that can have, at
some point during motion, all links simultaneously located in a single plane [12]. The
motion of these mechanisms occurs out of this plane. MEMS lend themselves well to
ortho-planar mechanisms due to the planar fabrication techniques that exist in MEMS.
Because MEMS are fabricated in layers or planes, an ortho-planar mechanism often
results when motion of the MEMS device occurs out-of-plane.
Most ortho-planar mechanisms can be classified as change point mechanisms.
Change point mechanisms are mechanisms that have the following characteristics:
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r3

r3

r2

r4

r2

r1

r1

(a)
Figure 1.7

r4

(b)

(a) The uncompressed four-bar change-point configuration and (b) the compressed
four-bar change-point configuration [12].

1. A mechanism which has a point during its motion where all links are collinear
2. A mechanism that can go into more than one configuration

3. A mechanism that satisfies s + l = p + q , where s is the shortest link, l is the
longest link, and p and q are the remaining links.
In the design of ortho-planar mechanisms, it is important to understand the different configurations of ortho-planar mechanisms in order to predict the motion of the mechanism. In ortho-planar mechanisms, link configurations can be either be uncompressed or
compressed. In uncompressed configurations, r2 and r4 fall in the same direction before
laying flat while in compressed configurations, r2 and r4 fall in opposite directions before
laying completely flat. r2 and r4 refer to specific links in a four-bar mechanism, as illustrated in Figure 1.7.
Research in ortho-planar mechanisms by Parise et al. [13] has led to the development of three postulates that ensure that a mechanism is ortho-planar.
These postulates are:
12

1. If the longest link (l) of a four-bar (with four revolute joints)
change-point mechanism adjacent to the shortest link (s), an
uncompressed ortho-planar configuration is possible. If l is opposite of s, then a compressed ortho-planar configuration is possible.
2. For a five-bar mechanism to be ortho-planar, it must have three
link lengths that when summed are equal to the other two link
lengths (i.e. r i + r j + r k = r m + r n )
3. For an ortho-planar five-bar mechanism with link lengths
r i + r j + r k = r m + r n , an uncompressed ortho-planar five-bar
mechanism will result if rm and rn are adjacent, and a compressed
ortho-planar five-bar will result if rm and rn are not adjacent.

1.7 Compliant Mechanisms
Compliant Mechanisms are mechanisms that gain their motion from the deflection
of flexible members [14]. Mechanisms that gain all of their motion from this deflection are
referred to as fully compliant, while mechanisms that gain some of their motion from
deflection are partially compliant.
Compliant mechanisms have many advantages over traditional rigid link mechanisms. By eliminating pin joints, clearance and backlash in the pin joint is also eliminated,
creating a mechanism that is more precise, predictable, wear resistant, and reliable. In
addition, compliant mechanisms are simple to manufacture and are well-suited to MEMS
fabrication techniques because they are planar.
The main disadvantage of compliant mechanisms is the difficulty of analysis and
design of these mechanisms. Nonlinearities in the geometry of mechanisms during large
deflections cause complex and difficult analysis. However, the pseudo-rigid-body model,
13

a)
Figure 1.8

b)

Microhinges a) Scissor and b) substrate hinges [30].

developed by Howell et al. [14], has provided a simple method to analyze these mechanisms by modeling the flexible segments as rigid-body links and torsional springs. This
then allows traditional kinematic methods to be used to analyze the mechanism.

1.8 Positioning Microcomponents using MEMS
Research groups in MEMS have made significant advances in optical and optoelectronic systems over the last fifteen years. In prior research, many groups have moved
objects for optical applications, namely mirrors, microlenses, gratings, shutters, and optical fibers [8]. In positioning microcomponents out-of-plane, researchers have employed
compliant mechanisms as well as rigid-link mechanisms. In the case where rigid-link
mechanisms were used on the microlevel, surface micromachined hinges were utilized.
An example of these hinges is shown in Figure 1.8.
Significant work in the movement of micromirrors can be found in [1], [6], [15],
and [16], where MEMS and electrostatic actuators were used to tilt or move mirrors to

14

a)
Figure 1.9

b)

a) AT&T Research Lab micromirror array b) XYZ microstage for focusing and
defocusing light using a Fresnel lens [8].

steer wavelengths between different fibers. In addition, large MEMS mirror arrays have
been demonstrated by AT&T Labs in their MEMS cross-connect fabric, shown in.Figure
1.9 a [5].
Moving shutters has also been a focus for optical systems. Many times a shutter or
mirror is moved between two fibers to block the signal and direct the beam to a different
fiber as in [17], [18], [19], and [20]. Also, shutters have been actuated and moved over
holes in a substrate to block light [21].
In other cases of moving objects for optical applications, work was also done by
Ollier, et al. [4] in moving waveguides to change the path of optical beams. This was done
by embedding the fiber in a cantilever beam and using electrostatic actuation and optical
stoppers to move the fiber into the desired position.

15

Figure 1.10

The assembly of an ortho-planar microstage [8].

In the majority of MEMS applications, large displacements have been a result of
work in ortho-planar mechanisms. For large displacement systems, an XYZ micro-stage
with scratch drive microactuators was demonstrated by L. Fan and M.C. Wu for moving
micro-Fresnel lenses [8]. This stage can be seen in Figure 1.9 b, while its process of
assembly is found in Figure 1.10. The focusing and defocusing of optical beams was successful using this stage. Also, the addition of sliding joints between the side legs and the
microactuators allowed XYZ displacements greater than 120 microns, and a fine control
resolution of 27 nm. For research done in moving objects with significant displacements,
microhinges were generally employed in the mechanisms in order to achieve displacements out-of-plane. Generally, research involving micropositioning using MEMS devices
has been done to determine if micropositioning can be used in optical networks.
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1.9 Optical Networks
Optical networks allow communication across the world through the medium of
light. An optical network is a series of destinations connected by glass optical fibers.
These fibers carry information in the form of light pulses, which are later converted into
information at their specified destinations. In order to increase the capacity of these systems, several different signals can be sent over the same fiber through multiplexing.

1.9.1 Wavelength Division Multiplexing (WDM).
Multiplexing involves combining several different signal outputs into one composite output. Methods for multiplexing include time division multiplexing (TDM), frequency division multiplexing (FDM), and wavelength division multiplexing (WDM) [22].
Both TDM and FDM apply to digitized electronic signals, while wavelength division multiplexing is associated with optical signals and optical networks. In wavelength division
multiplexing, different individual information signals, often TDM signals, are converted
into optical signals and are carried by different wavelengths, or colors, of light. These different colors of light, also referred to as channels, are combined onto one fiber. This
allows multiple signals to be carried simultaneously down a single fiber. In WDM Networks, many different wavelengths are sent down the same optical fiber by lasers, where
each laser produces a different color. Because of this, the information sent on each wavelength is distinguishable from other wavelengths and can be separated at the information’s
destination. When eight or more different wavelengths of light are multiplexed onto a single fiber, the term dense wavelength division multiplexing (DWDM) is used.
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Demultiplexing is the opposite of multiplexing and involves the separation of "n"
wavelengths from one fiber to "n" fibers. Each wavelength needs its own light detector to
convert the light pulses back into useful information.

1.9.2 Add-Drop Devices and Cross-Connects in Optical Networks
In a WDM/DWDM optical networks, different channels of light often have different destinations, even though the signals are traveling down the same fiber. In order for
signals to be added or dropped from a specific fiber to another, electrical add/drop devices
and cross-connects, as well as optical add/drop devices and cross-connects are used. Electrical add/drop devices and cross-connects convert the optical signals into electrical signals in order to redirect the information. The signal is then converted back into an optical
signal and sent on a fiber to its destination. On the optical level, optical add/drop devices
and cross-connects have been developed using mirror arrays and mirror switches. With
these devices, individual wavelengths are reflected and steered to the appropriate fiber and
are directed to their destinations.

1.10 Optical Network Applications of Silica Microspheres
Research has shown that resonant silica microspheres exhibit characteristics that
allow them to capture and sustain specific frequencies of light in high electromagnetic
paths, called whispering gallery modes (WGM). When optical fibers come into contact
with a silica microsphere, the light is "captured" and coupled from the fiber into the sphere
[23], [24]. The light remains trapped in the sphere, allowing the microsphere to act as a filter. The use of this property could be used to create an add/drop device based on silica
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microspheres. This research proposes creating devices that can move and position microcomponents. If this research is applied to positioning a silica microsphere through the
means of an ortho-planar MEMS device, which could lead to the development of optical
add/drop devices based on silica microspheres.
This research has the potential to lead to the creation of microsphere-based in-fiber
optical add-drop devices that can be used as filters and routing switches in optical networks. In order for an add-drop device based on silica microspheres to be useful, there
must be a reproducible, automated system by which the sphere can be controlled. A
MEMS device used to move silica microspheres can lead to the further development of
ortho-planar devices to move microspheres into direct contact with optical fibers and filter
out wavelengths. By moving the sphere into contact with the fiber, the process of tapping
into the fiber and filtering a wavelength can be automated. This research has the ability to
change significantly the method in which messages in networks are directed to their destinations.

1.11 Resonant Silica Microspheres
The resonant silica microspheres used to capture light range from 10 to 450
microns in diameter. These spheres are fabricated by heating the tip of a thin silica fiber
until it melts. The surface tension at the fiber tip pulls the molten silica into a sphere.
Because of the fabrication technique, the silica microspheres can be found with and without a stem.
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g
The density of silica is 2.2 ---------3 [25]. A silica microsphere with a 50 micrometer
cm
diameter has a weight of 1.412 ×10

– 15

micronewtons.

1.12 Whispering Gallery Modes (WGMs)
Whispering gallery modes (WGMs) are high electromagnetic modes, or paths, that
occur when a curved interface between two different dielectric materials acts as a
waveguide. Whispering gallery modes are confined to the waveguide. In the case of a
microsphere/fiber system, where the fiber and the microsphere act as the two different
dielectric materials, the silica microsphere acts as this curved interface.
Research with silica microspheres has shown that when a fiber is in contact with a
silica microsphere, light from the fiber can be coupled into the sphere depending on the
frequency of light and the size and properties of the sphere [23]. Different microspheres
sustain different WGM resonances. When the laser frequency traveling through the fiber
matches the resonant frequency of the microsphere, the light is coupled from the fiber and
into the sphere. Once the wavelength is coupled into the sphere, the light is confined in the
sphere by repeated total internal reflection. Whispering gallery modes are confined to the
equator of the sphere. Previous research has shown that wavelengths can be removed from
a fiber by touching the microsphere with the resonant microsphere [24]. Furthermore,
wavelengths can be transferred from one fiber to another by having a microsphere contact
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The process of transferring a wavelength from one fiber to another [23].

two fibers simultaneously [23]. Figure 1.11 shows the process by which wavelengths are
transferred by using a microsphere. λ1 is the resonant wavelength of the microsphere and
is transferred, while the other wavelengths continue through the fiber.
The research in this thesis furthers the knowledge of ortho-planar MEMS by
developing MEMS devices that have significant out-of-plane displacements greater than
50 micrometers. These devices have applications for positioning and moving microcomponents such as lenses, mirrors, gratings, and microspheres.

1.13 Methodology
The method that was followed for the development of an ortho-planar MEMS
positioner was to identify the desired purposes and capabilities of the device, generate
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concepts, select a concept, analyze the design, fabricate the mechanism, test the mechanism, and finally refine the design. Several MEMS micropositioners were developed
using this process.
The first step in this research method was to determine what the device must do
and what the device must not do. Following this step, concepts for the device were generated through brainstorming.
The initial design followed the brainstorming and concept generation stage. This
initial design process consisted of the concept selection, analysis, and fabrication of the
device. The generated concepts were rated and the most viable solution was selected. The
force and kinematic analyses were performed to determine the necessary motion and displacement of the device as well as the force relationship between the input and output
forces. In addition, the large displacement, the XYZ resolution/fine control of the mechanism, and the interface between the micro components and the mechanism were considered.
The devices were tested to determine strengths, weaknesses, and possible
improvements. As a result of the testing, the initial designs were refined and the positioning devices were improved. This was followed by the fabrication of the refined designs.
In addition to the refinement of the micropositioners, this research also concentrated on the on-chip actuation of a micropositioner. A micropositioning design was fabricated adjacent to an ATIM and was actuated out-of-plane using thermal actuation.
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1.14 Thesis Outline
This thesis is outlined as follows: the next chapter provides a summary of the
microcomponents used in the micropositioning mechanisms. Chapters 4, 5, and 6 then
describe in detail the two MEMS micropositioners introduced in this research, including
the equations describing their motion and force displacement relationships. Chapter 7
documents the designs of three micropositioners for future researchers, but does not
include detailed analysis. Chapter 8 contains the summary, contributions, and recommendations of this thesis.
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CHAPTER 2

MICROHINGES AND
SLIDERS

The building blocks of the mechanisms presented in this thesis are reviewed in this
chapter. These components include sliders and the four different types of microhinges.
These components were necessary in order to achieve large out-of-plane displacements.
Microhinges allowed out-of-plane rotation of device members, while sliders provided a
method for linear actuation of a device. This chapter will discuss the motivation for using
ortho-planar mechanisms and review the components used to create these mechanisms.

2.1 Ortho-planar Mechanisms
In this research, out-of-plane motion was preferred in order to have more control over
the components being manipulated on the substrate. Often structures with high aspect
ratios can be achieved with LIGA or other methods of fabrication. Surface micromachining, however, tends to produce structures that do not have these high aspect ratios. Surface
micromachined devices usually have a maximum thickness of only a few micrometers.
Because many workpieces can be hundreds of microns taller than this, as with optical
fibers, it can sometimes be challenging to move components because they are difficult to
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“grasp.” With ortho-planar devices, the components can be mounted on a ring after the
mechanism is out of plane, and the component can be more stable within the device.

2.2 Fabrication of Ortho-planar Mechanisms in MEMS
The ortho-planar mechanisms presented in this thesis were fabricated using two surface micromachining processes: the MultiUser MEMS Processes (MUMPs) and Sandia’s
Ultra-planar Multi-level MEMS Technology V (SUMMiT V). The MUMPs process uses
two structural layers [7], while the SUMMiT V process uses four structural layers
[42],[45]. These layers were used to create devices made up of hinges, sliders, pin joints,
and a positioning platforms. SUMMiT V offered an increased number of layers and
allowed the devices to be fabricated on a smaller scale.

2.3 Sliders
Prismatic joints or sliders were used in this research to allow linear actuation of the
ortho-planar mechanisms. Many of the devices have slider-crank mechanisms attached to
the legs to allow a probe to actuate the design out-of-plane. Other designs were actuated
by using a slider to buckle a beam. In this case, the slider was connected to a long thin
beam that was fixed to the substrate at one end. Using MUMPs fabrication techniques,
dimples were used to ensure that the beam would buckle out-of-plane when the slider was
displaced. Generally, if the buckled beam was not the only mechanism for out-of-plane
actuation, the beam was used as a tool to achieve an initial out-of-plane displacement and
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Sliding plate

Rail
Figure 2.1

SEM of slider or prismatic joint

move the device from its singular position. Then, sliders used in the slider crank mechanisms were used to actuate the mechanism further.
In the fabrication of the slider, the sliding plate was fabricated using one layer of polysilicon. Rails were then layered over the edges of the plate, using the second polysilicon
layer, and anchored to the substrate. The fabrication technique creates a plate that can slide
on the substrate, yet is guided in a path and held to the substrate by rails. Figure 2.1 shows
an SEM of a slider or prismatic joint.

2.4 Microhinges
Surface micromachinined microhinges are often used to create ortho-planar mechanisms in MEMS. Four types of microhinges are used in the mechanism designs presented
in this thesis: substrate hinge, the scissor hinge, the sliding hinge, and the release hinge.
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Figure 2.2

SEM of a substrate hinge

2.4.1 Substrate Hinge
Substrate hinges are fabricated using two layers of polysilicon and consist of a hinge
axle and a “staple” which bridges over this axle [30], [32]. The axle of the hinge is connected to the rotating member of the device.
The axle is fabricated using one layer of polysilicon. The second polysilicon layer is
used to create the "staple" or bridge over the axle. This staple is anchored to the substrate,
allowing the first polysilicon layer to rotate under the second polysilicon layer. An SEM of
a MUMPs substrate hinge used in the XZMM is shown in Figure 2.2.

2.4.2 Scissor Hinge
Scissor hinges, on the other hand, are not connected to the substrate and connect two
released members of the mechanism [30], [32]. Instead of employing an anchored staple,
scissor hinges interlace two polysilicon parts to allow rotation of a component. One poly-
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Figure 2.3

SEM of a scissor hinge

silicon part forms the rotating axle and plate. The other polysilicon part is then layered
under and over this axle pin. The interweaving is accomplished by connecting Poly 1 (the
first releasable layer of polysilicon) and Poly 2 (the second releasable layer of polysilicon)
at different points in the hinge. Figure 2.3 shows the scissor hinge of the XZMM and the
interlacing of the polysilicon layers.

2.4.3 Slider Hinge
The slider hinge is similar to the substrate hinge, except the confining staple in the
slider hinge is not fixed to the substrate [32]. Instead, the confining staple is fixed to a
layer of Poly 1 that is released from the substrate, allowing the hinge to slide across the
substrate. The slider remains in contact with the substrate because it is confined by the
slider rails. Thus, the axle of the hinge remains under the staple and does not slip out from
under the Poly 2 layer. Figure 2.4 shows an SEM of the slider hinge.

29

Rotating Member

Axle

Confining Staple or Bridge

Slider

Figure 2.4

SEM of a slider hinge

Figure 2.5

SEM of a released hinge.

2.4.4 Released Hinge
In SUMMiT V an additional hinge was used in some of the XYZM designs. Instead of
using a scissor hinge to connect two released members, a release hinge was used. Because
the SUMMiT V fabrication process uses 4 structural layers, a hinge could be fabricated
that is similar to the substrate hinge. This hinge, instead of being anchored to the substrate,
has a plate beneath the axle that prevents the axle from slipping out from beneath the
bridge. An example is shown in Figure 2.5.
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2.5 Summary
The components used in the development of the out-of-plane micropositioners presented in this thesis are the substrate hinge, scissor hinge, release hinge, slider hinge, and
sliders. By using a combination of the microhinges and sliders discussed in this chapter,
all of the MEMS devices achieved out-of-plane displacements, as will be demonstrated in
the following chapters.
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CHAPTER 3

XZ
MICROPOSITIONING
MECHANISM

Micropositioning of components using MEMS devices has been applied to mirrors,
spheres, fibers, and gratings [5]-[21]. MEMS have been used to align components [4],
steer light beams [1], as well as translate objects [6]. Generally, in cases where significant
displacements are necessary, out-of-plane mechanisms are employed.
In previous research, Fan et al. [33], [34] developed an XYZ microstage composed of
a 250 µm X 250 µm square platform with four 200 µm X 350 µm legs and scratch drive
actuators. Microhinges were used to achieve out-of-plane motion and connect components
to each other. Scratch drive actuators [35], which use many fine step sizes to achieve large
displacements, were used to actuate two opposing plates toward each other by 110 µm,
resulting in an out-of-plane displacement of 250 µm.
This chapter introduces the XZ Micropositioning Mechanism (XZMM) that is fabricated in a plane (x-y plane) and can be used to move and position micro components outof-plane (z direction) while keeping the positioning platform parallel to the substrate. The
mechanism positions micro components using a parallel-guiding mechanism controlled by
a slider and a linear input in the x direction.
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Figure 3.1

θ4

Diagram of XZ positioning device

The significance of this research is the development of an alternative method for moving gratings, fibers, lenses, or other micro components. In addition, it furthers the development of micro mechanisms that provide large out-of-plane displacements of over 50
micrometers and allows out-of-plane displacement of a platform with one linear input.

3.1 XZ Micropositioning Mechanism
A skeleton diagram of the XZMM is shown in Figure 3.1. A parallel-guiding (parallelogram) mechanism is a 4-bar mechanism where opposing links remain parallel throughout
its motion.

The slider transfers an input force and acts as the point of control in the

motion of the device. This parallel-guiding and slider-crank combination has one degree
of freedom, thus, only one actuator is required. The parallel-guiding mechanism ensures
that the platform will remain horizontal during motion. The XZMM is an ortho-planar
mechanism, thus, the mechanism can be located in one plane with out-of-plane motion.
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Figure 3.2

SEM of XZMM in an out-of-plane position.

3.2 Fabrication of XZ Micropositioning Mechanism
The XZMM was fabricated using two surface micromachining processes: the MultiUser MEMS Processes (MUMPs) and Sandia’s Ultra-planar Multi-level MEMS Technology V (SUMMiT V). These processes were used to create a device made up of hinges,
sliders, and a positioning platform.
Limitations in the surface micromachining process govern the placement and number
of legs in the parallel mechanism. In MUMPs, the parallel mechanism is composed of
three legs to create stability and prevent interference between the legs and the positioning
platform. Figure 3.2 shows a scanning electron micrograph (SEM) of the XZMM in its
out-of-plane position. The SEM in Figure 3.3 shows the layout of the XZMM in MUMPs.
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Figure 3.3

Labeled XZMM SEM, with all components coplanar.

In the fabrication of the positioning platform, the first layer of polysilicon was deposited on the substrate followed by the second polysilicon layer that was used to create the
positioning platform. For the platform, the layers were not bonded together. The legs and
slider, on the other hand, were made by connecting the two polysilicon layers. This caused
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the positioning platform to be offset from the substrate by the thickness of the first polysilicon layer, thereby driving the mechanism platform out-of-plane when actuated at the
slider.
SUMMiT V offered an increased number of layers and allowed the device to be fabricated on a smaller scale. With SUMMiT, the legs of the parallel guiding mechanism could
be fabricated in-line without interfering with the platform or other legs.
Surface micromachinined microhinges are often used to create ortho-planar mechanisms in MEMS. Three types of microhinges are used in the XZMM: substrate hinge, the
scissor hinge, and the slider hinge.

3.3 Position and Force Analysis
The relationships between link lengths and angles for the XZMM were calculated as:

2

2

2

 r 7 + r 4 – r 5
θ 4 = acos  --------------------------
 2r 7 r 4 

(3.1)

– r 4 sin θ 4
θ 5 = asin  ---------------------

r5 

(3.2)

where r 4 , r 5 , and r 7 are link lengths, θ 4 is the angle between the horizontal and Link 4,
and θ 5 is the angle between the horizontal and Link 5, as shown in Figure 3.1. Due to the
surface micromachining fabrication process used to make the device, the initial position of
the mechanism is where all components of the device are co-planar, as in Figure 3.3. The
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TABLE 3.1

XZ Micropositioning Mechanism
Link Lengths

Link

MUMPs

SUMMiT V

r1

150 µm

150 µm

r4

50 µm

150 µm

r5

160 µm

150 µm

slight offsets made by the thicknesses of different layer were used to bias the mechanism
out of its change-point position.
If

x in

is defined as the input displacement of the slider, then:

2

2

 2r 4 + 2r 4 r 5 – 2r 4 x in + x in
θ 4 = acos  --------------------------------------------------------------
2r 4 ( r 4 + r 5 – x in )



(3.3)

2

2

 –r4 
 2r 4 + 2r 4 r 5 – 2r 4 x in + x in  
θ 5 = asin  -------- sin  acos  --------------------------------------------------------------  
2r 4 ( r 4 + r 5 – x in )
 r5




(3.4)

Further use of these equations yield the following relationship between the horizontal
input displacement,

x in ,

and the vertical output displacement,

2

z out

2

z out :

2


 ( r 4 + r 5 – x in ) + r 4 – r 5 
= r 4 sin  acos  ---------------------------------------------------------- 

 2r 4 ( r 4 + r 5 – x in )  

(3.5)

Table 3.1 lists the link lengths used for MUMPs and SUMMiT V. The platform in MUMPs
has a 75 µm diameter with rectangular extensions allowing connections to hinges. The
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platform in SUMMiT V is a 150 µm X 70 µm rectangular platform. The XZMM has an
overall footprint of approximately 82,000 square micrometers for both processes.
The input-output force relationship was determined using the principle of virtual work.
This method results in the following equation:
sin θ 5
F out r 4 cos θ 4 – F in r 4 sin θ 4 + F in r 4 cos θ 4 -------------- = 0
cos θ 5

(3.6)

Simplification of this equation yields the following equation relating the input force to the
output force.
F out = F in ( tan θ 4 – tan θ 5 )

(3.7)

3.4 Actuation
In the previous actuation of ortho-planar MEMS, both electrostatic actuators [36] and
magnetic actuators have been used [9]. In this research, thermal actuation was employed
in the actuation of the XZMM.

3.4.1 The Thermomechancal In-Plane Microactuator (TIM)
Thermal actuation utilizes thermal expansion as a means to actuate a device. Electric
current is used to heat up the material and cause expansion of the actuator. This expansion
causes a displacement which allows the thermal actuator to move the device. To actuate
the XZMM, the Thermomechanical In-Plane Microactuator (TIM), [10], [37]-[39], was
used.
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Figure 3.4

SEM of the Thermo Mechanical In-Plane Microactuator (TIM)

The TIM consists of two electrical contacts fixed to the substrate, a rectangular movable shuttle, and thin thermal expansion legs. The thermal expansion legs are symmetrically arranged on two opposing sides of the shuttle. There is a slight offset in the leg
position from the contacts to the shuttle, such that the legs are at a small angle. When electric current is applied across the mechanism, the legs expand and cause the shuttle to displace linearly. This displacement is used to actuate the mechanism. Figure 3.4 is an SEM
of a TIM. TIM research has led to the development of TIM variations, such as the Amplified Thermomechanical In-Plane Microactuator (ATIM).

3.4.2 The Amplified Thermomechanical In-Plane Microactuator (ATIM)
In order to achieve greater displacements, the Amplified Thermomechanical In-Plane
Microactuator (ATIM) was developed. The ATIM consists of two TIMs arranged such that
they displace toward each other during actuation. Between these two TIMs is another TIM
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Figure 3.5

Actuation of an XZMM. The XZMM with an ATIM.

type structure. This center structure is a movable shuttle with thin offset legs and is not
heated like the TIMs. However, the two TIMs expand toward each other when heated,
pushing the center structure and causing a displacement of the center shuttle. This displacement is greater than that of the TIMs alone. The ATIM has demonstrated displacements of 55 micrometers and a force of 150 micronewtons. Figure 3.5 is an SEM of the
ATIM adjacent to an XZMM.

3.5 Testing and Results
In initial testing, a micro probe was used to displace the slider of the mechanism. The
probe consistently actuated the XZMM into its ortho-planar position. Before on-chip actuation with the ATIM, the slider of the XZMM was displaced 3-4 micrometers with a
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probe. After this initial displacement, on-chip actuation with the ATIM resulted in a slider
displacement of 27 micrometers with an input current of 43 milliamperes. This results in a
stage displacement of 41 micrometers, as predicted by Equation (3.5).
The displacement of the slider was measured by recording the actuation of the device
using a video camera attached to an optical microscope. Displacement measurements were
made by measuring initial and final positions with respect to a stationary object.

3.6 Summary
An XZ micropositioning mechanism has been tested and fabricated successfully using
two surface micromachining processes and found to achieve out-of-plane displacement
with a single input while maintaining a parallel motion of the positioning platform. This
device may be useful in applications for moving gratings, fibers, lenses, or other micro
components.
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CHAPTER 4

XYZ
MICROMANIPULATOR

This chapter introduces a three degree of freedom XYZ Micromanipulator (XYZM)
with only translational degrees of freedom. This device is fabricated in the x-y plane and
positions components in the x, y, and z directions using three independent linear inputs.
The mechanism positions components on a platform using three legs, each composed of a
slider mechanism and a parallelogram mechanism. The positioning platform of the mechanism remains horizontal throughout its motion.
Three versions of the XYZM were fabricated using surface micromachining processes: the rigid-body XYZM, the offset rigid-body XYZM and the compliant XYZM.
The rigid-body mechanisms use a combination of rigid links, hinges, and pin joints to
achieve out-of-plane motion. Due to backlash and binding in the pin joints in the rigidbody XYZM, the compliant XYZM was developed. The compliant XYZM replaces the
pin joints and two rigid links of the parallel mechanism with compliant segments, thereby
eliminating backlash, reducing binding, and increasing precision.
Both the rigid-body, offset rigid-body, and compliant XYZM were fabricated and
tested. Slider displacements of 45 micrometers result in a predicted out-of-plane displace43

ment of 188 micrometers for the rigid-body XYZM, 205 micrometers for the offset
XYZM, and 262 micrometers for the compliant XYZM.

4.1 XYZ Micromanipulator (XYZM)
Tsai and Stamper [40] and Tsai [41] developed a parallel manipulator with three translational degrees of freedom where the moving platform is constrained to a translational
motion. The special motion was achieved by using 17 links and 21 revolute joints to create
3 identical limbs consisting of a parallelogram mechanism and link, connected to the fixed
base and moving platform by revolute joints. Although this is a macro device constructed
of traditional macro components, was not designed to planar, and used rotational inputs at
joints, it still provided a valuable starting point in developing the XYZM.
Because the desired XYZM motion is similar to the Tsai and Stamper manipulator, it
provided a valuable starting point for the design of the XYZM. The challenges of the
microregime govern the design and method of actuation of the XYZM. MEMS are fabricated by depositing alternating layers of polysilicon and silicon dioxide which are patterned according to the desired geometry of the device. The silicon dioxide layers are
removed during a hydrofluoric acid etch, leaving the polysilicon layers and a MEMS
device. Often, as layers are deposited, the layers conform to previous layers underneath.
Because of this conformity and the number of layers available in the fabrication process,
the rigid links, hinges, and joints in the XYZM were designed and fabricated on the same
plane, as illustrated by Figure 4.1. Actuation on the microlevel was achieved by introducing prismatic joints into the design. The lower links of each individual leg are controlled
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Schematic of top view of the XYZ micromanipulator.

by sliders which allow the device to be controlled with three independent inputs in the xy
plane.
This micropositioning mechanism is composed of a circular positioning platform with
three legs equally spaced around the platform. Each leg is composed of two sections: a
slider mechanism and a parallelogram mechanism. Each section is connected to another
section by a micro hinge. Pin joints are used in the parallelogram mechanism to allow
rotation. The top of the parallel mechanism is connected to the positioning platform
through a microhinge. Figure 4.1 shows a schematic for the top view of the XYZM. Figure
4.2 shows the front and side view of a single leg of the XYZM and illustrates the different
sections of each leg and their connectivity.
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In addition to the XYZM, an offset XYZM (OXYZM) was fabricated to simplify fabrication using the MUMPs processes. In the OXYZM, the parallelogram mechanism is
offset from the microhinges at Bi and Ci, by f1 and f2, to allow room for floating pin joints,
as shown in Figure 4.3. The front and side view of a single leg of the OXYZM is shown in
Figure 4.4.
The design of the legs allows the entire mechanism to have a total of three degrees of
freedom. The parallelogram mechanism is a 4-bar mechanism where opposing links
remain parallel throughout its motion. It was used in the top section of each leg to reduce
the number of degrees of freedom, thus eliminating rotation in the top link and allowing
the platform to remain horizontal throughout the device’s motion. The slider mechanism
provides the input to the mechanism and allows the out-of-plane motion of the device. The
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position of the platform is ultimately dependent on the three independent input displacements of the slider of each leg.
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SEM of single leg of Compliant XYZ Micromanipulator with
components labeled.

4.2 Fabrication of the XYZ Micromanipulator
The XYZ Micromanipulator (XYZM) was fabricated using two surface micromachining processes: the MultiUser MEMS Process (MUMPs) and Sandia’s Ultra-planar Multilevel MEMS Technology V (SUMMiT V).
The MUMPs process uses two structural conformal layers of polycrystalline silicon
(polysilicon) [7]. SUMMiT V uses four structural layers [42]. In SUMMiT V, some of the
sacrificial layers are planarized using chemical mechanical polishing, therefore eliminating conformity in the third and fourth polysilicon layers. These layers of polysilicon were
used to create a mechanism composed of pin joints, hinges, sliders, rails, and a positioning
platform. Figure 4.5 shows a single leg of the compliant XYZ Micromanipulator.
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Figure 4.6

SEM of a pin joint used in rigid-body
XYZMM

For planar rotation, such as with the parallelogram mechanism in the upper segment of
each leg, pin joints were used and fabricated using two layers of polysilicon. Polysilicon
was used to fabricate a pin and hub. In the positioning mechanism, the first polysilicon
layer was used to create the pin of the joint, while the second polysilicon layer was used to
create the hub. Figure 4.6 shows a pin joint used in the XYZM fabricated in MUMPs [43].
The XYZM uses four types of microhinges that allow the mechanism to rotate out-ofplane: the substrate or anchored hinge, the scissor hinge, the slider hinge, and the released
hinge.
Limitations in the surface micromachining process govern the placement and geometry of the legs. In MUMPs, the legs were fabricated as illustrated in Figure 4.3. From this
schematic, it is seen that links are separated and not layered over each other to eliminate
conformity problems. Since conformity can be avoided in SUMMiT V, the prototypes
were fabricated with the lower link of the leg over the slider mechanism. This layering
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Figure 4.7

SEM of XYZ Micromanipulator fabricated in SUMMiT V.

approach reduces the overall footprint of the device. Figure 4.7 shows the XYZM fabricated in SUMMiT V.

4.3 Rigid-body Displacement Analyses
Although similar, the analyses for the XYZM and the OXYZM must be done separately because of differences in the motion of the device. In the motion of the XYZM, the
surface of a sphere can be used to represent all possible positions of the leg [40], [41].
However, the addition of the offset in the OXYZM causes a deviation from this motion
and an alternate method must be used to determine the platform position.
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4.3.1 XYZ Micromanipulator Displacement Analysis
The position of the platform for the XYZM is calculated by first determining the
sphere of motion for each individual leg for an input displacement, di. After the spheres of
motion are calculated for each leg, the system of equations is solved to find the intersection of these spheres. This intersection represents the position of the platform of the mechanism.
A loop-closure equation for the mechanism in the (xi, yi, zi) coordinate frame with
respect to the origin can be expressed as

a cos θ 1i + b sin θ 3i cos ( θ 2i + θ 1i )

c xi
= c yi

b cos θ 3i
a sin θ 1i + b sin θ 3i sin ( θ 2i + θ 1i )

(4.1)

c zi

where

c xi
c yi
c zi

cos φ i sin φ i 0 p x

h–r
= – sin φ cos φ 0 p y + 0
i
i
0
0
0 1 pz

(4.2)

in the (x, y, z) coordinate frame and i = 1, 2, 3, representing each individual leg of the
device. In expanded form, Equation (4.1) and Equation (4.2) each result in three systems
of three equations, where each system represents the equations defining the position of
point C for one leg. The letter a represents the length of the lower section of the leg, and b
represents the link length of the parallel mechanism as shown in Figure 4.2. θ 1i , θ 2i , and
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θ 3i represent the nine joint angles for i = 1, 2, 3. px, py, and pz represent the x, y, and z
coordinates of point P on the center of the platform with respect to the origin, O.
To determine the position of the platform given a certain displacement, Equations
Equation (4.1) and Equation (4.2) are rearranged as

b sin θ 3i cos ( θ 2i + θ 1i )

cos φ i sin φ i 0 p x

– a cos θ 1i – r + h

b cos θ 3i

= – sin φ cos φ 0 p y +
i
i

0
– a sin θ 1i

b sin ( θ 2i + θ 1i )

0

0

1 pz

(4.3)

Summing the squares for the three components in Equation (4.3) results in the equation for the sphere created by point P during the full motion of leg i.

2

2

2

2

b = p x + p y + p z – 2 ( p x cos φ i + p y sin φ i ) ( a cos θ i + r – h )
2

– 2p z a cos θ 1i + ( a cos θ 1i + r – h ) + ( a sin θ 1i

)2

(4.4)

To find the intersecting circle of the spheres created by leg 1 and leg j, Equation (4.4)
for leg i=1 is subtracted from Equation Equation (4.4) for i=j resulting in

e 1j p x + e 2j p y + e 3j p z + e 4j = 0

(4.5)

e 1j = 2 cos φ j ( a cos θ 1j + r – h ) – 2 cos φ 1 ( a cos θ 11 + r – h )

(4.6)

e 2j = 2 sin φ j ( a cos θ 1j + r – h ) – 2 sin φ 1 ( a cos θ 11 + r – h )

(4.7)

e 3j = 2a sin θ 1j – 2a sin θ 11

(4.8)

where
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2

2

e 4j = ( a cos θ 11 + r – h ) + ( a sin θ 11 ) – ( a cos θ 1j + r – h )

2

– ( a sin θ 1j ) 2

(4.9)

and j=2,3.
Using Equation (4.5) for j=2 and j=3 results in a system of two equations for the intersecting circles of the spheres created by the motion of point P. The solutions for this system of equations results in the possible positions of the platform. Solving the equations for
pz and py in terms of px and substituting them into Equation (4.4) for i=1, results in

2

k0 px + k1 px + k2 = 0

(4.10)

where the coefficients for the quadratic equation in Equation Equation (4.10) are

2

2

l1 l4
k 0 = 1 + ---2- + ---2l2 l2

(4.11)

2l 5 l 1
2al
2l 0 l 1 2l 3 l 4
- + ------------ – 2l 5 cos φ 1 – ----------- sin φ 1 – ----------4 sin θ 11
k 1 = ----------2
2
l2
l2
l2
l2

(4.12)

k2 =

2
l5

2

2

l0 l3
2l 0 l 5
2al 3
– b + ---2- + ---2- + ( a sin θ 11 ) 2 – ------------ sin φ 1 – ---------- sin θ 11
l2
l2
l2 l2
2

(4.13)

where

l 0 = e 32 e 43 – e 33 e 42

(4.14)

l 1 = e 13 e 32 – e 12 e 33

(4.15)

l 2 = e 22 e 33 – e 23 e 32

(4.16)
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l 3 = e 23 e 42 – e 22 e 43

(4.17)

l 4 = e 12 e 23 – e 13 e 22

(4.18)

l 5 = a cos θ 11 + r – h

(4.19)

and e12, e13, e22, e23, e33, e42, and e43 are defined in Equation (4.6) through Equation
(4.9).
After the value of px is determined, the position of the center of the platform is found
by substituting the value for px into the system of two equations determined by Equation
(4.5), and then solving for py and pz. The solution for this system of equations is

l0 + l1 px
p y = -------------------l2

(4.20)

l3 + l4 px
p z = -------------------l2

(4.21)

There are three possible cases when solving for the position of the platform.

1.

2

If k 1 – 4k o k 2 > 0 , then the spheres intersect at two locations and two solutions are possible.

2.

2

If k 1 – 4k o k 2 = 0 , then the three spheres intersect at a single point, resulting
in one real solution.
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2

If k 1 – 4k o k 2 < 0 , then the three spheres do not have an intersection point and

3.

there is no solution for the position.

The above equations relate the displacement of the platform to the input angles, θ 1i .
This angle can be related to the input displacement at the slider, d i , by the following equation:

2

θ 1i

2

2

 ( a + r 2 – d i ) + a – r 2
= acos  ------------------------------------------------------
2a ( a + r 2 – d i )



(4.22)

for i = 1, 2, 3 .
After the position is known and cxi, cyi, and czi are determined using Equation (4.2),
the following equations, obtained from Equation (4.1), can be used to determine angles
θ 2i and θ 3i :

c yi
θ 3i = acos  ------
 b
2

θ 2i

2

2

(4.23)
2

2

 c xi + c yi + c zi – a – b 
= acos  ------------------------------------------------------
2ab sin θ 3i



(4.24)

The necessary input displacement for each leg can then be calculated using Equation
Equation (4.22).
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4.3.2 Offset XYZ Micromanipulator Analysis
The displacement analysis for the OXYZM is similar to the XYZM, however, because
of the offsets the system of equations is no longer closed form. Therefore, to solve for the
position of the device, an iterative method must be used.
A loop-closure equation for the mechanism in the (xi, yi, zi) coordinate frame including
offsets, f1 and f2, can be expressed as:

a cos θ 1i + b sin θ 3i cos ( θ 2i + θ 1i ) + ( f 1 + f 2 ) cos ( θ 2i + θ 1i )

c xi
= c yi

b cos θ 3i
a sin θ 1i + b o sin θ 3i sin ( θ 2i + θ 1i ) + ( f 1 + f 2 ) sin ( θ 2i + θ 1i )

(4.25)

c zi

where

c xi
c yi
c zi

cos φ i sin φ i 0 p x

h–r
= – sin φ cos φ 0 p y + 0
i
i
0
0
0 1 pz

(4.26)

Equation (4.25) results in a system of equations that is not closed form and requires
iteration to obtain a solution for the platform position. Therefore the analysis for the
XYZM should be performed first to determine the initial values to be used in the iteration
for the OXYZM analysis. In using the XYZM analysis as the starting point, the sum of the
offsets ( f 1 + f 2 ) should be added to the link length of the parallelogram mechanism, b .
After the initial analysis is complete, substitute the dependent angles, θ 2i and θ 3i , and the
position coordinates, px, py, and pz, into Equation (4.25) and solve the system of equations
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TABLE 4.1

Rigid-Body XYZ Micromanipulator
Link Lengths in MUMPs
Link

Length

a

65 µm

b

108 µm

h

110 µm

r

365 µm

r2

300 µm

f1

85 µm

f2

120 µm

determine the final position of the OXYZM. Perturbation theory provides the justification
of using the results from the XYZM displacement analysis as a starting point.
Table 4.1 lists the values used in the link lengths of the rigid-body OXYZM for
MUMPs. Two designs (XYZM and an OXYZM) of the rigid-body XYZM were fabricated
in SUMMiT V and values for the link lengths are listed in Table 4.2.
Solving by iteration on the vector loop is presented in this chapter due to its simplicity,
however, an alternate method for determining the solution is shown in Appendix A.1.

4.3.2.1

Perturbation Theory

Perturbation theory is a collection of iterative methods used to for the analysis of nonlinear equations [44]. In perturbation theory, a parameter, ε , is identified such that when
ε = 0 equations are solved in closed form.
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TABLE 4.2

Rigid-Body XYZ Micromanipulator
Link Lengths in SUMMiT V

Link

Design 1

Design 2

a

200 µm

125 µm

b

130 µm

188 µm

h

95 µm

118 µm

r

95 µm

170 µm

r2

125 µm

165 µm

f1

30 µm

0 µm

f2

30 µm

0 µm

In the case of the OXYZM, the offsets can be represented by this small parameter such
that
ε = f1 + f2

(4.27)

When ε = 0 , the offset XYZM analysis is identical to the XYZM analysis and becomes a
linear system.
Introducing ε into Equation (4.25) results in:

c xi

a cos θ 1i + b sin θ 3i cos ( θ 2i + θ 1i ) + ε cos ( θ 2i + θ 1i )

c yi =
c zi

b cos θ 3i

(4.28)

a sin θ 1i + b sin θ 3i sin ( θ 2i + θ 1i ) + ε sin ( θ 2i + θ 1i )

Figure 4.4 shows that
r + a = h + b sin θ 3i + ( f 1 + f 2 )
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(4.29)

Therefore, r + a is used to nondimensionalize c and can be represented by

cˆxi
â cos θ 1i + bˆ sin θ 3i cos ( θ 2i + θ 1i ) + ε cos ( θ 2i + θ 1i )
ˆ
bˆ cos θ 3i
c yi =
â sin θ 1i + bˆ sin θ 3i sin ( θ 2i + θ 1i ) + ε sin ( θ 2i + θ 1i )
cˆzi

(4.30)

and shows that ε is very small in comparison to the other values in the system of equations.
The following equations are used to approximate the solutions for the system of nonlinear equations using perturbation methods
cˆi = c 0i + εc 1i + ε 2 c 2i + …

(4.31)

P̂ = P 0 + εP 1 + ε 2 P 2 + …

(4.32)

θ 2i = θ 2i0 + εθ 2i1 + ε 2 θ 2i2 + …

(4.33)

θ 3i = θ 3i0 + εθ 3i1 + ε 2 θ 3i2 + …

(4.34)

The zeroth order terms (c0i, P0, θ 2i0 , and θ 3i0 ) are obtained by solving for the system
with ε = 0 . The first order terms may be calculated to ensure that each value is a converging series. Therefore, when ε is sufficiently small in comparison to the dimension
values being sought, a good approximation can be determined by solving for the system
when ε = 0 . For this reason, the XYZ analysis is used to determine the initial values for
use in the iterations of the OXYZM analysis, thus allowing the nonlinear system to converge to a solution more quickly.
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4.3.3 Rigid-Body XYZM Testing
The rigid-body XYZM designs could be actuated with microprobes using several different input displacements. With an input displacement of 45 micrometers on each leg, the
XYZM achieved a predicted out-of-plane displacements of 188 micrometers. The offset
XYZM achieved a predicted displacements of 205 micrometers with 45 micrometer input
displacements. With an input of 30 micrometers at one slider, 35 micrometers at another
slider, and 40 micrometers at the last slider, the XYZM achieved a predicted out-of-plane
displacement of 190 micrometers. The OXYZM achieved a predicted displacement of 181
micrometers using these same inputs.
The clearances in the pin joints of the parallelogram mechanism caused two challenges. First, the clearances are large enough that the associated backlash can cause significant deviation from the ideal motion. Second, binding can occur at these joints. These
negative effects can be mitigated by replacing the joint function with compliant mechanisms. The design of a compliant XYZM is described next.

4.4 Compliant XYZ Micromanipulator
In the compliant XYZM, the rigid-body parallel mechanism found in the upper section
of the leg is replaced with a compliant parallel mechanism [14]. Compliant versions of this
mechanism were fabricated using both MUMPs and SUMMiT V. An SEM of a compliant
XYZM is shown in Figure 4.8.
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Figure 4.8

SEM of Compliant XYZ Micromanipulator fabricated in MUMPs

4.4.1 Compliant Mechanisms
Compliant mechanisms gain some or all of their motion from the deflection of flexible
segments. Compliant mechanism can be either fully-compliant, where the mechanism
gains all motion from this deflection, or partially compliant, where the mechanism gains
part of its motion from deflection.
The advantages of compliant mechanisms over traditional rigid-body mechanisms are
that they are more wear resistant due to the elimination of rubbing parts. Compliant mechanisms are especially advantageous in micropositioning and nanopositioning applications
because clearance and backlash in the pin joints are eliminated, resulting in a mechanism
that is more precise, predictable, and reliable.
The main disadvantage of compliant mechanisms is the difficulty of analysis due to
nonlinearities in the geometry of mechanisms during large deflections. However, the
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pseudo-rigid-body model [14], has provided a simple method to analyze these mechanisms by modeling the flexible segments as rigid-body links and torsional springs. This
then allows traditional kinematic methods to be used for analysis.

4.4.2 Pseudo-Rigid-Body Model
In the Compliant XYZM, the parallelogram mechanism in the upper section of the leg
was replaced with a compliant parallel mechanism and was modelled as a rigid-body parallel mechanism with torsional springs. In the pseudo-rigid body-model, the key is to
determine the location of the pin joint and the values of the torsional spring constants. The
pseudo-rigid-body model introduces the following variables into the XYZM displacement
analysis:

γ

= characteristic radius factor

l

= length of compliant link

Θ = pseudo-rigid-body angle

The characteristic radius factor, γ is determined from the orientation of the input force. In
the case with the XYZM, the input force on the parallel guiding mechanism is assumed to
be horizontal and the value is a constant 0.85. The characteristic radius, γl , represents the
length of the pseudo-rigid-body link. Θ represents the angle between the pseudo-rigidbody link and its undeflected position. Figure 4.9a shows the schematic of the leg with the
compliant mechanism in the upper section. Figure 4.9b shows the schematic of the
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Schematic of single leg of Compliant XYZ
Micropositioning Mechanism. a) Compliant leg b)PseudoRigid Body Model of Leg

pseudo-rigid body model of a single leg. Table 4.3 lists the link lengths of the MUMPs and
SUMMiT V designs.
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4.4.3 Compliant Displacement Analysis and Testing
The equations for the displacement analysis for the compliant version of the XYZM
are similar to the analysis for the offset rigid-body XYZM. However, to take into account
the effects the compliant parallel-guiding mechanism, link b is replaced with γl , ( f 1 + f 2 )
is replaced by ( l – γl ) , and the angle θ 3i is replaced by Θ i . This results in the following
loop-closure equation for the compliant XYZM in the (xi, yi, zi) coordinate frame:

a cos θ 1i + γl sin Θ i cos θ 2i + ( l – lγ ) cos ( θ 2i + θ 1i )

c xi
= c yi

γl cos Θ i
a sin θ 1i + γl sin Θ i sin θ 2i + ( l – lγ ) sin ( θ 2i + θ 1i )

(4.35)

c zi

where the pseudo-rigid body angle is:
Θ = ( θ 3i – θ 3io )

(4.36)

θ 3i represents the angle of the compliant segment in its deflected position and θ 3io represents the angle of the compliant segment in its undeflected position. The remainder of the
compliant XYZM analysis follows that of the rigid-body OXYZM with these substitutions
throughout the model. Like the OXYZM, the compliant XYZM also results in a system of
nonlinear equations. The XYZM analysis model with b = γl provides the initial guess for
the iterative solution of Equation Equation (4.35).
In the testing of the compliant XYZM, micro probes were also used at each of the
three input positions to displace the sliders. The compliant XYZM achieved a predicted
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Link Lengths for Compliant XYZ
Micropositioning Mechanism in MUMPs

TABLE 4.3

Link

MUMPs

SUMMiT V

a

100 µm

300 µm

l

300 µm

250 µm

h

80 µm

100 µm

r

250 µm

100 µm

r2

300 µm

180 µm

displacements of 262 micrometers using 45 micrometer displacements at each slider. With
an input of 30 micrometers at one slider, 35 micrometers at another slider, and 40
micrometers at the last slider, the compliant XYZM achieved a predicted out-of-plane displacement of 243 micrometers in the z direction, 7 micrometers in the x direction, and -3.4
micrometers in the y direction. The compliant XYZM did not experience the binding that
was evident in the rigid-body mechanism and could consistently be actuated into the
ortho-planar position when input forces were linear with the slider of the device.

4.5 Summary
Several XYZ Micromanipulators have been tested and fabricated successfully using
two surface micromachining processes and found to achieve out-of-plane displacement
with three linear inputs while maintaining a horizontal position of the platform throughout
its motion. The compliant XYZM was more consistent in its position and was more easily
actuated.
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The XYZ Micromanipulator has applications in moving and positioning microcomponents such as mirrors, lenses, and gratings. It can position micro-components in the x, y,
and z directions by using three independent linear inputs and has achieved out-of-plane
displacements greater than 250 micrometers. The XYZM can be used in applications
where significant out-of-plane displacements of microcomponents are necessary and/or
varied positions in the x, y, and z directions are desired.
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CHAPTER 5

XYZ
MICROMANIPULATOR
FORCE ANALYSIS

A force-displacement analysis for the XYZ Micromanipulator is valuable in predicting
the input force required for a desired output force. The calculation of kinematic coefficients is an important first step to developing the force displacement relationship using the
principle of virtual work. The force analysis resulted in the equations that relate the input
forces to the output force for the XYZ Micromanipulator.

5.1 Kinematic Coefficients
Kinematic coefficients are derivatives that represent the effects a change in one variable has on another. Because the position of the platform is dependent on all three individual input angles, the derivative of the vector loop was taken with respect to each individual
input angle, θ 1i .
The vector loop is shown in Figure 5.1 and is represented by the following vector
equation:
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A i B i + B i C i = OP + PC i – OA i

(5.1)

This vector equation is represented in matrix form as:

a cos θ 1i + b sin θ 3i cos ( θ 2i + θ 1i )
b cos θ 3i
a sin θ 1i + b sin θ 3i sin ( θ 2i + θ 1i )

cos φ i sin φ i 0 p x

h–r
= – sin φ cos φ 0 p y + 0
i
i
0
0
0 1 pz

(5.2)

The following three equations result by taking the derivative of the matrix equations:

dθ 1i
dθ 3i
a cos θ 1i ---------- + b cos θ 3i cos ( θ 1i + θ 2i ) ---------dθ 1j
dθ 1j
dp x
dθ 1i dθ 2i
dp y
– b sin θ 3i sin ( θ 1i + θ 2i )  ---------- + ---------- = ---------- cos φ i + ---------- sin φ i
 dθ 1j dθ 1j
dθ 1j
dθ 1j
dθ 3i
dp x
dp y
– b sin θ 3i ---------- = – ---------- sin φ i + ---------- cos φ i
dθ 1j
dθ 1j
dθ 1j
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(5.3)

(5.4)

dθ 1i
dθ 3i
a cos θ 1i ---------- + b cos θ 3i sin ( θ 1i + θ 2i ) ---------dθ 1j
dθ 1j
dθ 1i dθ 2i
dp z
+ b sin θ 3i cos ( θ 1i + θ 2i )  ---------- + ---------- = --------- dθ 1j dθ 1j
dθ 1j

(5.5)

dθ 1i dθ 2i dθ 3i dp x dp y
dp z
where ---------- , ---------- , ---------- , ---------- , ---------- , and ---------- represent the kinematic coefficients of the
dθ 1j dθ 1j dθ 1j dθ 1j dθ 1j
dθ 1j
mechanism. Because the angles θ 11 , θ 12 , and θ 13 are independent of each other, the valdθ 1i
ues of ---------- are
dθ 1j

dθ 1i
1
---------- = 
dθ 1j
0

if i = j
if i ≠ j

(5.6)

The kinematic coefficients can be determined by solving the system of equations simultaneously. In addition, by expanding equations (5.3), (5.4), and (5.5) in terms of i only, j can
be decoupled from the system, resulting in a system of nine equations and nine unknowns.
After solving for the linear system, the nine resulting solutions can be expanded in terms
of j, resulting in 27 kinematic coefficients. Table 4.2 shows all link length values needed
to determine a numerical solution.
In the case of the OXYZM, the vector equation of the vector loop in matrix form can
be represented as
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a cos θ 1i + b sin θ 3i cos ( θ 2i + θ 1i ) + ( f 1 + f 2 ) cos ( θ 2i + θ 1i )
b cos θ 3i
a sin θ 1i + b sin θ 3i sin ( θ 2i + θ 1i ) + ( f 1 + f 2 ) sin ( θ 2i + θ 1i )
cos φ i sin φ i 0 p x
= – sin φ cos φ 0 p y +
i
i
0

0

1 pz

(5.7)

h–r
0
0

The following equations, represented in tensor form, result after taking the derivative
of the vector loop:

dθ 1i
dθ 3i
dθ 1i dθ 2i
a cos θ 1i ---------- + b cos θ 3i cos ( θ 1i + θ 2i ) ---------- – b sin θ 3i sin ( θ 1i + θ 2i )  ---------- + ----------
 dθ 1j dθ 1j
dθ 1j
dθ 1j
dθ 1i dθ 2i
dp y
dp x
– ( f 1 + f 2 ) sin ( θ 2i + θ 1i )  ---------- + ---------- =  ---------- cos φ i + ---------- sin φ i
 dθ 1j dθ 1j
 dθ 1j

dθ 1j

dθ 3i
dpx
dpy
– b sin θ 3i ---------- = – ---------- sin φ i + ---------- cos φ i
dθ 1j
dθ 1j
dθ 1j

(5.8)

(5.9)

dθ 1i
dθ 3i
a cos θ 1i ---------- + b cos θ 3i sin ( θ 1i + θ 2i ) ---------dθ 1j
dθ 1j
dθ 1i dθ 2i
+ ( f 1 + f 2 ) cos ( θ 1i + θ 2i )  ---------- + ----------
 dθ 1j dθ 1j
dθ 1i dθ 2i
+ b sin θ 3i cos ( θ 1i + θ 2i )  ---------- + ----------
 dθ 1j dθ 1j
dθ 1i dθ 2i
dp z
+ b sin θ 3i cos ( θ 1i + θ 2i )  ---------- + ---------- = --------- dθ 1j dθ 1j
dθ 1j
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(5.10)

These equations can be used to determine the kinematic coefficients of the OXYZM
by using the same methods used in finding the kinematic coefficients for the XYZM.
Table 4.1 and Table 4.2 show all link length values needed to determine a numerical solution for the OXYZM.

5.2 XYZM and OXYZM Force Equations
The force equations for the XYZM and the OXYZM can be derived using the principle of virtual work. The analysis resulted in the following equation relating the input
forces, Fini to the output force, Fout:

dp x
dp y
dp z dθ 1i
F ini +  F outx ---------- + F outy ---------- + F outz ---------- ------------- = 0
dθ 1i
dθ 1i
dθ 1i dθr 1i

(5.11)

2 + a 2 – r 2
 1 r 1i
2
-
– 2  --- – ---------------------------2
a
2r 1i a 

dθ 1i
---------- = --------------------------------------------------dr 1i
2 + a2 – r 2)2
( r 1i
2
4 – -----------------------------------2
2
r 1i a

(5.12)

where

Equation (5.11) results in a system of three equations that can be solved for Foutx, Fouty,
and Foutz, the unknown x, y, and z components of the output force. Table 4.1 and Table 4.2
show all link lengths required to determine numerical solutions for the XYZM and
OXYZM kinematic coefficients and force relationships.
In the force analysis of the rigid-body XYZM designs, the XYZM achieved an output
force of 261 micronewtons in the z direction and zero micronewtons in the x and y direc71

tions with a input displacement of 45 micrometers and an input force of 150 micronewtons
at each slider. The offset XYZM achieved an output force of 218 micronewtons in the z
direction and zero micronewtons in the x and y directions with the same inputs. With an
input of 30 micrometers at one slider, 35 micrometers at another slider, and 40 micrometers at the last slider, the XYZM achieved a predicted output force of 180 micronewtons in
the z direction, 11 micronewtons in the x direction, and -6 micronewtons in the y direction
with and input force of 150 micronewtons at each slider. With these same inputs, the
OXYZM achieved a predicted output force of 178 micronewtons in the z direction, 17
micronewtons in the x direction, and -8 micronewtons in the y direction with an input
force of 150 micronewtons at each slider.

5.3 Compliant XYZ Micromanipulator Force Equations
In the Compliant XYZM, the parallelogram mechanism in the upper section of the leg
is replaced with a compliant parallel mechanism and was modelled as a rigid-body parallel
mechanism with torsional springs. In the pseudo-rigid body-model, the key is to determine
the location of the pin joint and the values of the torsional spring constants. The pseudorigid-body model introduces the following variables:

γ

= characteristic radius factor

l

= length of compliant link

Θ = pseudo-rigid-body angle
K Θ = stiffness coefficient
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K

= torsional spring constant

The characteristic radius factor is determined from the orientation of the input force. In the
case with the XYZM, the input force on the parallel guiding mechanism is assumed to be
purely horizontal and the value is a constant 0.85. The stiffness coefficient K Θ is also
dependent on the orientation of the input force. With a purely horizontal force, K Θ is a
constant 2.65. The characteristic radius, γl , represents the length of the pseudo-rigid-body
link. Θ represents the angle between the pseudo-rigid-body link and its undeflected position. The value of the torsional spring constant, K , depends on the classification of the
compliant section of the mechanism. In a compliant parallel-guiding mechanism, both
ends of flexible segment are fixed to rigid body segments. Therefore, this type of flexible
segment is classified as a fixed-guided segment. For this classification, the value of K is

2γK Θ EI
K = -------------------l

(5.13)

b 1 h 13
I = ----------12

(5.14)

where

and E =.169 Pa. h1 is 3 micrometers for both MUMPs and SUMMiT V, and b1 equals 3.5
micrometers for MUMPs and 7 micrometers for SUMMiT V.
The kinematic coefficients used in the compliant XYZM can be determined by taking
the derivative of the vector loop represented by the following equation:
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a cos θ 1i + γl sin θ 3i cos ( θ 2i + θ 1i ) + ( l – γl ) cos ( θ 2i + θ 1i )
γl cos θ 3i
a sin θ 1i + γl sin θ 3i sin ( θ 2i + θ 1i ) + ( l – γl ) sin ( θ 2i + θ 1i )
cos φ i sin φ i 0 p x
= – sin φ cos φ 0 p y +
i
i
0

0

1 pz

(5.15)

h–r
0
0

The derivative of the vector loop for the compliant XYZM results in the following
three equations.

dθ 1i
dθ 3i
dθ 1i dθ 2i
a cos θ 1i ---------- + γl cos θ 3i cos ( θ 1i + θ 2i ) ---------- – γl sin θ 3i sin ( θ 1i + θ 2i )  ---------- + ----------
 dθ 1j dθ 1j
dθ 1j
dθ 1j
dθ 1i dθ 2i
dp y
dp x
– ( l – γl ) sin ( θ 2i + θ 1i )  ---------- + ---------- =  ---------- cos φ i + ---------- sin φ i
 dθ 1j dθ 1j
 dθ 1j

dθ 1j
dθ 3i
dpx
dpy
– γl sin θ 3i ---------- = – ---------- sin φ i + ---------- cos φ i
dθ 1j
dθ 1j
dθ 1j

(5.16)

(5.17)

dθ 1i
dθ 3i
a cos θ 1i ---------- + γl cos θ 3i sin ( θ 1i + θ 2i ) ---------dθ 1j
dθ 1j
dθ 1i dθ 2i
+ ( l – γl ) cos ( θ 1i + θ 2i )  ---------- + ----------
 dθ 1j dθ 1j
dθ 1i dθ 2i
+ γl sin θ 3i cos ( θ 1i + θ 2i )  ---------- + ----------
 dθ 1j dθ 1j

(5.18)

dθ 1i dθ 2i
dp z
+ γl sin θ 3i cos ( θ 1i + θ 2i )  ---------- + ---------- = --------- dθ 1j dθ 1j
dθ 1j
These equations can be used to determine the kinematic coefficients of the compliant
XYZM using the same methods used to determine the kinematic coefficients for the
XYZM and the OXYZM.
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The compliant force analysis is also similar to the rigid-body force analysis with some
substitutions to account for the variable spring constants initiated into the model by the
bending of the compliant segments. Each pin joint and link in the parallelogram mechanism of the rigid-body XYZM was replaced by three compliant segments, resulting in an
addition of 12 torsional springs into the pseudo-rigid-body model. These torsional springs
add moments into the force analysis which were not introduced in the rigid-body analysis.
The moment introduced by a spring is represented by
T i = k ( θ 3i – θ 3io ) cos φ i + k ( θ 3i – θ 3io ) sin φ i

(5.19)

The force relationships for the mechanism were determined using the principle of virtual work and are

dp x
dp y
dp z dθ 1i
F ini +  F outx ---------- + F outy ---------- + F outz ---------- ---------
dθ 1i
dθ 1i
dθ 1i dr 1i
dθ 3i dθ 1i
– 12K ( θ 3i – θ 3io )  ----------  ---------- = 0
 dθ 1i  dr 1i 

(5.20)

Equation (5.20) results in a system of three equations and three unknowns, allowing
the solution for Foutx, Fouty, Foutz to be determined. Table 4.3 shows all link lengths and
thickness required to determine solutions for the force of the compliant XYZM.
The compliant XYZM achieved an output force of 224 micronewtons in the z direction
and zero micronewtons in the x and y directions, with an input displacement of 45
micrometers and an input force of 150 micronewtons at each slider. With an input of 30
micrometers at one slider, 35 micrometers at another slider, and 40 micrometers at the last
slider, the compliant XYZM achieved a predicted output force of 229 micronewtons in the
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z direction, 17 micronewtons in the x direction, and -5.4 micronewtons in the y direction
with and input force of 150 micronewtons at each slider. In comparison, a silica microsphere with a 50 micrometer diameter weighs approximately 1.412 ×10

– 15

micronewtons.

Thus, the output forces of the XYZ Micromanipulators are sufficient to move microcomponents.

5.4 Summary
This chapter introduces the kinematic coefficients and the force relationships for the
XYZ Micromanipulator, the offset XYZ Micromanipulator, and the compliant XYZ
Micromanipulator. The kinematic coefficients represent the effects a change in one variable has on another and are necessary in order to determine the force relationships using
the principle of virtual work. The force relationships are valuable in determining the output force that results when certain input forces are used.
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CHAPTER 6

OTHER NOVEL
MICROPOSITIONERS

In addition to the XZ Micropositioning Mechanism (XZMM) and the XYZ Micromanipulator (XYZM), several other micropositioners were fabricated and tested: the Micropositioning Platform Mechanism (MPM), the Ortho-planar Twisting Micropositioner
(OTM), and the Ortho-planar Spring Micromechanism (OSM). All mechanisms described
in this chapter are composed of microcomponents described in previous chapters, such as
microhinges, pin joints, sliders and a positioning platform. The designs are documented
for future researchers, but detailed analysis is not included.

6.1 Micropositioning Platform Mechanism
The micropositioning platform mechanism (MPM) is composed of a positioning platform, scissor hinges, sliders, substrate hinges, and rigid links arranged such that two identical legs are mirrored on each side of a rectangular positioning platform. Each leg is
composed of a slider-crank mechanism and a rigid link. The rigid link is connected to the
slider-crank mechanism and the positioning platform by a scissor hinge. A diagram of the
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Figure 6.1

Figure 6.2

Diagram of Micropositioning platform mechanism

Scanning Electron Micrograph of Micropositioning
Platform Mechanism with all components coplanar.

MPM is shown in Figure 6.1. Figure 6.2 shows the MPM with all components coplanar.
Figure 6.3 shows the MPM in its out-of-plane position. The MPM was fabricated using
the MUMPs surface micromachining process. Table 6.1 lists the link lengths of the MPM
design.
The MPM is fabricated in a single plane and allows the positioning of components
out-of-plane using two independent linear inputs. The positioning platform of the device
does not necessarily remain horizontal throughout motion of the device, but instead can be
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Figure 6.3

TABLE 6.1

Scanning Electron Micrograph of Micropositioning
Platform Mechanism in out-of-plane position.

Link Lengths for Micropositioning Platform Mechanism
Link

Length

r1

55 µm

r2

300 µm

r3

120 µm

r4

160 µm

r5

175 µm

tilted depending on the linear inputs at each leg. This allows microcomponents to be tilted
according to their applications. For example, mirrors on the platform could be tilted and
used to steer beams of light to their destinations.
In the testing of the MPM, micro probes were used at each of the two input positions to
push the sliders. The MPM was successfully actuated into its ortho-planar position. The
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Figure 6.4

SEM of MPM with tilted positioning platform

tilt of the positioning platform could be controlled by displacements at each of the sliders.
Figure 6.4 shows an SEM of the MPM with a tilted positioning platform.

6.2 Ortho-planar Twisting Micromechanism
The ortho-planar twisting micromechanism (OTM) is composed of substrate hinges,
floating pin joints, scissor hinges, and a positioning platform. The device is made up of
three legs equally spaced around the positioning platform. Each leg is composed of two
floating pinjoints, a substrate hinge, and a scissor hinge. A diagram of the OTM is shown
in Figure 6.5. When the device is actuated from beneath the positioning platform the platform twists as the legs straighten to be at the same angle as the substrate hinge. The device
is actuated by a beam and slider fabricated beneath the device and not attached to the
mechanism. The slider is attached to one end of the beam while the other end is fixed to
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Figure 6.5

Figure 6.6

Diagram of top view of ortho-planar
twisting Mechanism

SEM of OTM with all components coplanar

the substrate. As the slider is pushed by a microprobe, the beam buckles in the z direction
and raises the positioning platform, causing the platform to rotate. Figure 6.6 shows the
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Figure 6.7

SEM of ortho-planar twist micromechanism in an out-of-plane
position.

ortho-planar twisting mechanism with all components coplanar. Figure 6.7 shows the
mechanism in an out-of-plane position.
In the testing of the OTM, a single micro probe was used to buckle a long beam that
was fabricated under the mechanism such that the center of the buckled beam, or the section of the beam that would experience the greatest out-of-plane displacement, was
directly under the positioning platform. In testing, the micromechanism could be actuated
out of plane using several different input displacements at the slider. The OTM could be
actuated such that a leg of the platform, both pin joints on that specific leg, and the substrate hinge were in-line with each other. Generally, all legs remained at equal angles
throughout motion of the device. Due to clearances in the joints, occasionally binding
would occur as the mechanism approached its maximum displaced position. Link lengths
for the OTM are listed in Figure 6.2.
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TABLE 6.2

TABLE 6.3

Link lengths for ortho-planar twisting micromechanism
Link

Length

r1

265 µm

r2

80 µm

r3

100 µm

Link Lengths for the ortho-planar spring micromechanism
Link

Length

r1

100 µm

r2

250 µm

r3

80 µm

r4

65 µm

r5

120 µm

6.3 Ortho-planar Spring Micromechanism
The ortho-planar spring micromechanism (OSM) was modeled after the ortho-planar
spring design developed by Parise et al. [12]. However, microhinges and sliders were
added in the design to allow actuation and large displacements on the microlevel. The
OSM is fabricated in MUMPs and consists of a positioning platform surrounded by three
equally spaced legs. Each leg is composed of substrate hinges, sliders, and scissor hinges.
A diagram of the top view of the OSM and a side view of a single OSM leg is shown in
Figure 6.8. The link lengths for the OSM can be found in Table 6.3. In the testing of the
OSM, the platform does not necessarily remain horizontal throughout the motion of the
device. However, to prevent failure due to twisting in the joints and links, all sliders
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Figure 6.8

Figure 6.9

SEM of the OSM with components coplanar

should be displaced by the same distance. This maintains a horizontal motion of the platform during actuation. Figure 6.9 shows the OSM with all components coplanar. Figure
6.10 shows the OSM in an out-of-plane position.
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Figure 6.10

SEM of ortho-planar spring micromechanism in out-ofplane position

6.4 Summary
Three micropositioners are presented in this chapter: the ortho-planar platform mechanism, the ortho-planar twisting micromechanism, and the ortho-planar spring micromechanism. All micropositioners have been fabricated and tested and can position the platform
out-of-plane through linear inputs. Equations for the displacement and force analyses of
the devices have not been presented.
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CHAPTER 7

CONCLUSION

This thesis describes the development of several MEMS devices that have the potential to position microcomponents. This includes the development of the equations for the
position analysis and the force-displacement characterization. The devices were fabricated and tested to have out-of-plane displacements of over 50 micrometers. This chapter
reviews the research performed in this thesis, discusses its contributions, and makes recommendations for future work.

7.1 Summary
Several out-of-plane MEMS devices were designed and fabricated for positioning
micro-components: the XZ Micropositioning Mechanism (XZMM), the XYZ Micromanipulator (XYZM), the Micropositioning Platform Mechanism (MPM), the Ortho-planar
Twisting Micromechanism (OTM), and the Ortho-planar Spring Micromechanism (OSM).
All of the devices were fabricated in the x-y plane and have out-of-plane motion.
The XZ Micropositioning mechanism positions microcomponents in the z direction
using a single linear input in the x direction. It utilizes a parallelogram mechanism, such
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that the platform of the device remains horizontal throughout its motion. The XYZM positions components in the x, y, and z directions using three independent linear inputs and
maintains a horizontal platform throughout its motion. The XYZM is composed of a positioning platform with three equally spaced legs. Each leg is made up of a parallelogram
mechanism and a slider crank. This combination created a mechanism that maintains a
horizontal platform throughout a wide range of motion. A compliant XYZM was also
developed by replacing the rigid-body parallelogram mechanism with a compliant parallelogram mechanism. This replacement resulted in a mechanism with better performance
and greater accuracy by reducing the binding and backlash in the mechanism.
The MPM, OTM, and OSM position components in the z direction. The MPM uses
two independent linear inputs to position and tilt components. The OTM positions components in the z direction by using a single linear input to buckle a beam out-of-plane and
actuate the positioning platform in the z direction. The OSM uses three inputs to achieve
out-of-plane displacements. In the case of the XYZM, MPM, and OSM, buckling beams
were used to achieve an initial displacement in the z direction before sliders were used to
move the device further out-of-plane.
The XZMM and the XYZM were both modeled and analyzed, leading to the derivation of both their displacement and force relationships. Both devices could be actuated
out-of-plane by displacing the sliders with microprobes. The XZMM could be actuated
on-a-chip by using an ATIM. Force and displacement relationships were not determined
for the for the MPM, OTM, and OSM, however, all mechanisms were fabricated and
tested. These devices could be actuated out-of-plane consistently by using micro-probes to
displace the sliders.
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7.2 Contributions
The analysis and design of the micropositioners in this research developed novel
MEMS micropositioners that add to the understanding of out-of-plane MEMS devices and
their design. This thesis also contributes to general knowledge in kinematic analysis and
compliant mechanisms.
The design of the XZ Micropositioning Mechanism contributes a novel new device
that can be used in the positioning of microcomponents. The displacement and force analyses predict the position and output forces of the mechanism and are important in determining potential applications of the XZMM and in understanding its motion.
The design of the XYZM, the offset XYZ, and the compliant XYZM demonstrate that
complex mechanisms can be fabricated and actuated on the microlevel. The offset XYZM
displacement analysis was introduced in this thesis and is important in predicting the position of the device. The derivation of the XYZM kinematic coefficients not only allows a
force analysis to be performed using the principle of virtual work, but can be used in further kinematic analysis, such as velocity and acceleration analyses. The design and analysis of the compliant XYZM demonstrates that the pseudo-rigid-body model is a valuable
tool on the micro-level. Without the analysis using the pseudo-rigid-body model, the position and output forces of the compliant XYZM would be difficult to approximate.

7.3 Recommendations
The research performed in this thesis was intended to expand knowledge of ortho-planar MEMS devices as well as research areas of micropositioning. Further research, apply89

ing specifically to work performed in this thesis, would include on-chip actuation of the
XYZ Micromanipulator as well as the derivations of the force and displacement relationships for the MPM, OTM, and OSM. On-chip actuation of the MPM, OTM, and OSM
would also further the research presented in this thesis.
Microhinge research is also recommended to improve the performance of micropositioners in the future. In the design of out-of-plane mechanisms at the microlevel, it is recommended that the least possible number of microhinges be used and, when possible,
compliant mechanism should be used. At the present time, methods used for creating
microhinges produce hinges with large amounts of backlash. Research for improving the
microhinges and reducing this backlash would help increase the precision and accuracy of
ortho-planar MEMS. In many cases, improvements in the fabrication techniques could
improve the microhinges themselves.
Finally, fiber optic applications of this research should also be pursued to test the performance of micropositioners in an optical system. Creating a fiber/sphere system and
studying the alignment of sphere and fibers to transfer light between fibers as well as the
accuracy and motion needed for successful transfer would also be valuable in the future.
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APPENDIX A

OFFSET XYZ
MICROMANIPULATOR
ANALYSIS

Because the displacement analysis of the offset XYZ Micromanipulator (OXYZM),
discussed in Chapter 5, resulted in a system of equations that was no longer closed-form,
iteration was required in order to determine a solution for the position of the platform
given three independent input displacements. Iteration on the vector loop is all that is
needed to determine the position solution. The solution for the XYZM was performed by
determining the intersection point of the spheres of motion of each individual leg. However, an alternative to the iteration of the vector loop, a solution based on the intersection
of the "shapes" of motion for each individual leg for the OXYZM, is presented in this
appendix.

A.1 Offset XYZ Manipulator Analysis
The displacement analysis for the OXYZM is similar to the XYZM, however, because
of the offsets, the system of equations is no longer closed-form. Therefore, to solve for the
position of the device, iteration techniques must be used.
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A loop-closure equation for the mechanism in the (xi, yi, zi) coordinate frame with
respect to the origin, including the offsets, f1 and f2, can be expressed as:

a cos θ 1i + b o sin θ 3i cos ( θ 2i + θ 1i ) + ( f 1 + f 2 ) cos ( θ 2i + θ 1i )
b o cos θ 3i
a sin θ 1i + b o sin θ 3i sin ( θ 2i + θ 1i ) + ( f 1 + f 2 ) sin ( θ 2i + θ 1i )

(1)

c xi
= c yi
c zi
where

c xi
c yi
c zi

cos φ i sin φ i 0 p x

h–r
= – sin φ cos φ 0 p y + 0
i
i
0
0
0 1 pz

(2)

As with the initial analysis for the XYZM, the sum of the squares of each component
was performed resulting in

2

2

bo = b + β

(3)

where b2 is the equation for the sphere of motion for a single leg of the XYZM found in
Equation (4.4)) from Chapter 4 and
β = 2 ( f 1 + f 2 ) ( r – h + a cos θ 1i ) cos ( θ 1i + θ 2i )
– 2 ( f 1 + f 2 ) ( p x cos φ i + p y sin φ i ) cos ( θ 1i + θ 2i )
– 2 ( f 1 + f 2 ) ( p z – a sin θ 1i ) sin ( θ 1i + θ 2i ) + ( f 1 + f 2 ) 2
where β accounts for the offsets f1 and f2.
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(4)

To find the intersection of leg 1 and j, Equation (4) for leg i=1 is subtracted from Equation (4) for i=j resulting in

e o1j p x + e o2j p y + e o3j p z + e 4j = 0

(5)

e o1j = e 1j + η 1j

(6)

e o2j = e 2j + η 2j

(7)

e o3j = e 3j + η 3j

(8)

e o4j = e 4j + η 4j

(9)

where

and
η 1j = 2 ( f 1 + f 2 ) cos φ j cos ( θ 1j + θ 2j )
– ( f 1 + f 2 ) cos φ 1 cos ( θ 11 + θ 21 )
η 2j = 2 ( f 1 + f 2 ) sin φ j cos ( θ 1j + θ 2j )
– ( f 1 + f 2 ) sin φ 1 cos ( θ 11 + θ 21 )
η 3j = ( f 1 + f 2 ) sin ( θ 1j + θ 2j ) – ( f 1 + f 2 ) sin ( θ 11 + θ 21 )

(10)

(11)

(12)

η 4j = 2 ( f 1 + f 2 ) cos ( θ 11 + θ 21 ) ( a cos θ 11 + r – h )
– 2 ( f 1 + f 2 ) cos ( θ 1j + θ 2j ) ( a cos θ 1j + r – h )

(13)

– 2a ( f 1 + f 2 ) sin θ 1j sin ( θ 1j + θ 2j ) + 2a ( f 1 + f 2 ) sin θ 11 sin ( θ 11 + θ 21 )
e1j, e2j, e3j, and e4j are found in Equations (4.6)) through (4.9)) of Chapter 4.
The rest of the analysis follows that of the XYZM with substitutions of bo, eo1j, eo2j,
eo3j, and eo4j for b, e1j, e2j, e3j, and e4j respectively.
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The analysis for OXYZM results in a system of nonlinear equations so it is recommended that the analysis for the XYZM be performed to determine a starting point for the
analysis of the OXYZM, as discussed in Chapter 4.
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